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Abstract

The eastern levee of the Active Channel in the Bengal fan has been investigated in order to better understand the history of turbidite activity in this
channel during the Holocene in the context of Ganges-Brahmaputra ‘source-to-sink’ system. A robust '“C-based chronostratigraphy provides high
temporal resolution for reconstructing sediment accumulation history on the eastern levee of the Active Channel. Integration of this study with previous
work in the area suggests that the Bengal fan has remained continually connected with the Ganges-Brahmaputra fluvial system through the Holocene,
feeding through the main canyon, the Swatch of No Ground (SoNG). An intense turbidite activity occurred during a transgressive wet period from 14.5 to
9.2 ka cal. BP, followed by an abrupt shift in sedimentation at 9.2 ka cal. BP, probably due to the high sea level leading to a partial disconnection between
massive river discharges and the deep turbidite system. During the last 9.2 ka cal. BP, turbidite activity is still present but irregular, likely modulated by
a combination of various forcings such as monsoon variability and river migration. In total, three phases are distinguishable during this period: 9.2-5.5,
5.5-4, and 4 ka cal. BP to modern, according to the turbidite record. Unexpectedly, the Indo-Asian monsoon does not appear to be the only predominant
forcing on the establishment of the Bengal fan during the Holocene because of the combination of different forcings directly affecting transfers between

the Ganges-Brahmaputra and the Bengal fan as well as river migrations, delta construction, and potentially anthropogenic impact.
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Introduction

Ganges-Brahmaputra rivers and their trans-Himalaya tributaries
drain a vast area of about 1,830,000 km?, from Himalaya and Cen-
tral Tibet to the Meghna estuary in Bangladesh (Figure 1). Their
sedimentary discharges are estimated at around 1 x 10° t/an (Milli-
man and Syvitski, 1992) mainly because of intense rainfall during
the Indian summer monsoon. The modern sedimentary budget of
the Ganges-Brahmaputra river delta is partitioned between (1) the
floodplain (30%), (2) the subaqueous delta (40%), (3) the coastal
delta plain (10%), and (4) the main submarine canyon (the Swatch
of No Ground (SoNG)) and the Bengal fan (20%; Goodbred and
Kuehl, 1999, and publications therein; Rogers et al., 2013).

The SoNG is the main connection between the sediment
source and the Ganges-Brahmaputra turbidite system, known as
the Bengal fan (Curray et al., 2003). It is a shelf-incising aggrad-
ing canyon. The head of the canyon is located 150 km from the
modern Ganges and Brahmaputra mouths and only 30 km from
the coastal delta plain (Figure 1). The upper canyon floor reveals
a massive storage of sediments with a sedimentation rate between
8 and 50 cm/yr (Kudrass et al., 1998; Kuehl et al., 1989). A recent
study (Rogers et al., 2015) presents three main mechanisms which
can explain sediment transport between the ‘widely separated’
Ganges-Brahmaputra mouths and the canyon head: (a) rapid pro-
gradation of the subaqueous delta, (b) mass failures, and (c)
bypass gully systems from the inner shelf to the canyon convey-
ing sediment gravity flows.

Transfer of sediment from the SONG to the Ganges-Brahma-
putra turbidite system has remained active throughout the Holo-
cene and modern time period (Weber et al., 1997). The slowdown
of the sea-level rise around 7 ka cal. BP (Goodbred and Kuehl,
2000a) associated with huge sediment discharges has supported
the southward progradation of the subaqueous delta on the shelf,
with a modern rate of 15-20 m/yr (Hubscher et al., 1997; Kuehl
etal., 1997).

At the present time, there is only one Active Channel (named
AV for ‘Active valley’ by Curray et al., 2003) connected to the
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Figure |. (a) Location map and physiography of the Ganges-Brahmaputra sedimentary system, from source to sink. Location of the monsoon
proxies used in this study. (b) Zoom in the transition area between the Ganges-Brahmaputra fluvial system, the subaqueous delta, the SONG,
and the northern Bengal fan. Using Goodbred and Kuehl (2000b), location of the floodplain, the coastal plain and the subaqueous delta have
been estimated. The gray line represents the position of the sea level at 9.2 ka cal. BP (e.g. =20 m), according to the global sea-level curve
(Lambeck et al., 2014). SONG: the Swatch of No Ground canyon. Channel location in the Bengal fan is obtained from several studies combined
(Curray et al., 2003; Kolla et al., 2012; Thomas et al.,2012; NoAA database: http://www.ncdc.noaa.gov/; 2012 MONOPOL cruise bathymetry;
personal TOTAL seismic lines interpretation). Arrows represent the global Ganges-Brahmaputra river positions during the Holocene, according

to Goodbred et al. (2014) and Pickering et al. (2014).

SoNG (Figure 1). This Active Channel has been studied by Weber
etal. (1997) and Hubscher et al. (1997) with piston cores and high-
resolution 3.5-kHz seismic profiles. Its initiation has been dated
around 14.5 ka cal. BP (12.8 ka “C yr BP in Weber et al., 1997).

Our study focuses on sediment cores located on the eastern
levee of the Active Channel. We present a detailed record of tur-
biditic activity across the Holocene with a special focus on
changes in turbiditic frequencies. Similar studies have been
already performed on other turbidite systems in the world, such as
the Indus turbidite system (Bourget et al., 2013), the Armorican
turbidite system in the Northern Atlantic (Toucanne et al., 2012),
or the Var turbidite system in the Mediterranean Sea (Bonneau
etal., 2014).

This study provides a new insight on the main forcing param-
eters, which affect the construction of the Active Channel and will
integrate the significance of the eustatic/monsoonal variations
combined on the construction of the Ganges-Brahmaputra turbi-
dite system during the Holocene.

Background

A large source-to-sink system such as the Ganges-Brahmaputra
turbidite system comprises all areas that contribute to erosion,
transportation, and deposition of sediments within an erosional—
depositional system, from catchment to the deep sea fan (Semme
et al., 2009). To understand the development of a source-to-sink
system, a global perspective is required, including a combination
of autogenic and allogenic forcings and a good understanding of
the sediment distribution in response to those forcings (Semme
et al., 2009).

These forcings as well as tectonic activity, monsoonal varia-
tions, and sea-level fluctuations impact the entire Ganges-Brah-
maputra turbidite system and have consequences on the river
migration, the construction of the delta, and on the deep sea fan
sedimentation (Semme et al., 2009).

Ganges-Brahmaputra fluvial system and its delta are tectoni-
cally influenced by the main Himalayan and Indo-Burman ranges
(Alam, 1989; Morgan and Mclntire, 1959), and numerous earth-
quakes and paleoearthquakes have been identified during the
Holocene (Anand and Jain, 1987; Kumar et al., 2006; Mugnier
et al., 2011; Singh et al., 1997; Wang et al., 2014).

Several landslides have been studied in Himalaya and on the
Tibetan plateau and have been linked to paleoseismic events dur-
ing the Holocene (Dortch et al., 2011; Mugnier et al., 2011; Wang
et al., 2014). Tectonic events (e.g. 1950 earthquake in Assam,
India; Poddar, 1952) had major effects on the Brahmaputra tribu-
taries course, the fast progradation of the river-mouth shoreline,
and a rapid widening of the river braidbelt (Goodbred et al., 2003;
Pickering et al., 2014). Tectonic activity also affected the delta
system during the late Quaternary, particularly in the eastern part
with tectonic uplift and subsidence, which constrained and shaped
its construction and resulted in sediment trapping (Goodbred
et al., 2003). Regional subsidence in the Bengal basin directly
affected the rate, magnitude, and characteristics of sediments
delivered by rivers (Goodbred et al., 2003) and the evolution of
the delta plain, during the late-Holocene (Allison et al., 2003).
The floodplain and the coastal delta plain are dominated by plate-
driven tectonic processes that cause subsidence reaching 4 mm/yr
(Goodbred and Kuehl, 2000b). Recently, Reitz et al. (2015) pre-
sented the idea of possible influence of regional subsidence on
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Figure 2. Holocene Indo-Asian monsoon variability: comparison of the records: Lonar lake 3'3C and 3D records (Sarkar et al.,2015), 8D
record from sediment core SO188-342KL (Contreras-Rosales et al., 2014), percentage of coastal forest pollen record from sediment core
NGHP-01-16 (Zorzi et al.,2015), Dongge cave speleothem 180 record (Dykoski et al.,2005), and insolation curve at 20°N.

river avulsions (avulsion timescale around 2000 years) and Gan-
ges-Brahmaputra delta construction. In the subaqueous delta,
transparent units have been presented as evidence of liquefaction
flows, generated by earthquakes (Palamenghi et al., 2011). Storms
and earthquakes contribute to sedimentation in the SONG and
Bengal fan (Kottke et al., 2003), but it is difficult to establish a
clear link between an event and a deposit especially in the deep
system (Bourget et al., 2010; Goldfinger et al., 2007). If earth-
quakes are important triggers of delta sedimentation, they could
also be important triggers for the deep sedimentation through the
SoNG.

In addition to tectonic activity, climatic variability and the dis-
tribution of monsoon precipitation, as well as eustatic variations,
strongly influenced Ganges-Brahmaputra river migration, Gan-
ges-Brahmaputra delta construction, and deep sedimentation in
the Bengal fan during the Holocene (Goodbred et al., 2003).

The Indo-Asian monsoon variability has been well docu-
mented with the development of high-resolution paleoclimatic
records (marine as well as continental records) that provide a
long-term perspective of the evolution of monsoon precipitation,
in particular during the Holocene, the time period studied in this
work (Berkelhammer et al., 2012; Cai et al., 2012; Contreras-
Rosales et al., 2014; Dykoski et al., 2005; Sarkar et al., 2015;
Zorzi et al., 2015; Figure 2). Paleoclimate studies based on

multiproxy approaches revealed a significant change in monsoon
during the Holocene, with a transition between a wet early-Holo-
cene and an arid late-Holocene (Berkelhammer et al., 2012; Cai
et al., 2012; Contreras-Rosales et al., 2014; Dykoski et al., 2005;
Sarkar et al., 2015; Zorzi et al., 2015). The climate evolution
across the Holocene is thus characterized by (a) a very humid
period between 11 and 6 ka cal. BP, (b) a weakening of the mon-
soon between 6 and 4 ka cal. BP, and (c) a relatively less humid
period during the last 4 ka cal. BP (Sarkar et al., 2015; Zorzi et al.,
2015). Several studies in the Bay of Bengal suggest that millen-
nial scale variations in the monsoon have possible teleconnection
climate variations in Greenland climate (Kudrass et al., 2001;
Weber et al., 1997).

Holocene monsoon variations are combined with global sea-
level fluctuations recorded by shoreline indicators which high-
light a main phase of deglaciation between 16.5 and 8.2 ka cal. BP
at an average of 12 m/ka BP and a progressive decrease in the rate
of rise from 8.2 to 2.5 ka cal. BP (Lambeck et al., 2014). The
Ganges-Brahmaputra major sediment load was able to keep pace
with rapid sea-level rise during this period (Goodbred and Kuehl,
2000Db). In the Bay of Bengal, this rapid sea-level rise is recorded
in Bangladesh and India, and it is reconstructed using bore holes
(Umitsu, 1993), coastal ironstone; channel fill facies (Banerjee,
1993); pollen analysis (Hait and Behling, 2008; Islam and Tooley,
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Figure 3. Schematic map with location of the core MD12-3417 and seismic profiles: the Active Channel has been drawn according to the
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levee; (b) across the thalweg.

1999); and pollen, diatom, and facies analysis (Rashid et al.,
2013). Islam and Tooley (1999) highlighted a first transgression
phase between 9.2 and 6.8 ka BP which is also recorded more
recently with a flooding of mangroves at this time in Bangladesh
(Hait and Behling, 2008).

Initiation of the Ganges-Brahmaputra delta began around 11
ka cal. BP, while sea level was still rising rapidly (Goodbred and
Kuehl, 2000b; Grant et al., 2012; Lambeck et al., 2010, 2014).
The rapid sea-level rise was offset by massive sediment dis-
charges of the Ganges-Brahmaputra river due to an enhanced
Indo-Asian monsoon during the early-Holocene (Pate et al.,
2009). From 11 to 7 ka cal. BP, the Ganges-Brahmaputra delta
had been aggrading and the system became prograding after 7 ka
cal. BP (Goodbred and Kuehl, 2000a).

Major fluvial channel movements have occurred during the
Holocene (Goodbred et al., 2014). The Ganges river shifted east-
ward through the mid-Holocene to late-Holocene, and the Brah-
maputra river showed a three-step evolution during the Holocene
with a shift between Brahmaputra—Jamuna valley and the old
Brahmaputra valley system (Goodbred et al., 2014; Pickering
et al., 2014). Its migration resulted from the combination of the
Indo-Asian monsoon variations and the active Himalayan uplift
(Goodbred et al., 2014; Pickering et al., 2014; Figure 1).

The Ganges-Brahmaputra turbidite system extends from
20°10'N to 5°S on an area around 3 x 10° km? (Curray et al., 2003;
Figure 1). Its dimensions make it the largest turbidite system in the
world with a maximum thickness of 16.5 km. It was probably initi-
ated during the early Eocene (Emmel and Curray, 1983).

Several channel-levee systems were built in the Bengal fan
during the Quaternary, but only one seem to be connected to the
SoNG at the present time (Curray et al., 2003). According to
Weber et al. (1997), Hubscher et al. (1997), and Curray et al.
(2003), the Active Channel has been in development since 14.5
ka cal. BP on an erosive surface. External levees were built

between 14.5 and 10.4 ka cal. BP at high sedimentation rates
(1-3 m/ka; Weber et al., 1997). The large channel has been
infilled by inner levees constructed before 6.4 ka cal. BP, attest-
ing to the turbidite activity during the last sea-level rise. More-
over, turbidite activity was still recorded during the last 6.4 ka
cal. BP with 7 m of sediment deposited on the top of the inner
levees despite the apparent disconnection between the SONG and
river mouths (Weber et al., 1997).

The authors concluded that the Ganges-Brahmaputra turbidite
system is unique because of its continuous activity during the
Holocene, despite the distance between the head of the canyon
and the Ganges-Brahmaputra mouths (Hubscher et al., 1997;
Weber et al., 1997). In order to understand the significance of sea-
level and monsoon variations, sometimes in phase and sometimes
out of phase, we investigate the study of marine core, located on
the Active Channel-levee system.

Material and methods
Dataset

Sub-bottom seismic lines and sediment cores were obtained dur-
ing the MONOPOL cruise of the R/V Marion Dufresne in 2012.
These data have been collected in the middle Bengal fan between
2580 and 2620 m water depth, at a distance of ~780 km from the
Ganges-Brahmaputra outlet (Figure 1). Sub-bottom seismic lines
were obtained using a 3.5-kHz sub-bottom hull mounted profiler
(Figure 3).

Sediment cores
One Calypso-long piston core (MDI12-3417; 16°30.03'N;
87°47.82'E; water depth: 2564 m, 39.77 m long) and one Calypso

square (CASQ) gravity core located on the same site (MD12-
3418CQ; 16°30.27'N; 87°47.92'E; water depth: 2557 m, 8.52 m



Fournier et al.

Table I. Radiocarbon ages of cores used in this study. Date in italics is date not incorporated in age model.

Core Sample depth (cm) Corrected sample 14C age (yr BP) Error (yr BP) Calibrated age Error (yr cal. BP)
depth (cm) BP (years)
MDI12-3418 CQ 0 0 Modern =55 1.5
MD12-3418 CQ 205 205 1600 30 1159.5 86.5
MD12-3418 CQ 423 423 2990 30 27715 62.5
MDI12-3418 CQ 628 628 3945 30 39425 104.5
MDI12-3418 CQ 830 830 6705 35 7233 77
MD12-3417 707 399.2 3290 30 3119.5 105.5
MD12-3417 779 460.6 3390 30 32555 90.5
MD12-3417 992 662 5335 30 5703.5 109.5
MD12-3417 1074 733 5955 30 6362 75
MDI12-3417 1385 1089.3 8580 40 9233 138
MDI12-3417 2015 1835.3 8825 35 9479.5 55.5
MDI12-3417 2186 2037.2 8870 35 9524 76
MD12-3417 2726 2677.2 9030 35 97135 147.5
MD12-3417 3777 3921.2 9105 35 9845 170
long) have been collected during MONOPOL cruise. These cores o
are located on the eastern levee of the Active Channel (Figure 1).
The Calypso piston corer induces oversampling on the upper =
part of the core (Skinner and McCave, 2003). To correct for overs-
ampling, a composite record combining the Calypso and CASQ 1000
records has been done. This composite record was achieved by E
correlating x-ray fluorescence (XRF) data of cores MD12-3417 £
and MD12-3418CQ. Afterward, the depth scale of core MD12- § 2000 4
3417 was converted to the depth scale of core MD12-3418CQ. § o
g @
s} 8 2
AMS-14C dating 3000 6 gg
In total, 14 radiocarbon ages were obtained on mixed planktonic 4 35
foraminifera picked in hemipelagic facies on I-cm sediment 12 %
slices except from the top of the core (5-cm sediment slice) for 4000 | 0
MD12-3418CQ and MD12-3417. Analyses have been realized at 0 2000 4000 6000 8000 10000

the ‘Laboratoire de Mesure du Carbone 14’ in Saclay (France)
through the Artemis Accelerator Mass Spectrometry facility
(Table 1). Radiocarbon dates are calibrated using MARINE13
curve (Reimer et al., 2013) and using a standard reservoir age of
400 years, which is close to usual corrections known for the Bay
of Bengal (Dutta et al., 2001; Southon et al., 2002). The age
model was constructed using the R software package Clam (ver-
sion 2.2; Blaauw, 2010), with a linear interpolation method at
1-cm resolution (Figure 4).

In order to compare with previous studies, we calibrated all
radiocarbon dates used in previous publication (Weber et al.,
1997) using MARINE13 curve and the standard reservoir age of
400 years (Reimer et al., 2013).

Sedimentological analyses

Sedimentological analyses included visual description, high tem-
poral resolution of XRF elementary, and high-resolution grain
size study.

Lab color space measurements were performed at 2-cm reso-
lution using a Minolta CM-2002 spectrophotometer. The color
component used in this study is a*. a* negative values indicate
sediment heading toward green, while positive values indicate
sediment heading toward red.

Magnetic susceptibility was obtained using a Bartington™
MS2E1 pointer sensor with 10-mm resolution and a sampling
interval of 10 mm.

XRF geochemical data were obtained directly on the surfaces
of split cores at 1-cm resolution, using an Avaatech XRF core
scanner (UMR EPOC). The measurements were performed at 10
kV and 400 pA to obtain intensities for titanium (Ti) and calcium

Age (yr cal BP)

Figure 4. Age model (black line) and its error margin (gray area)
of the composite core and sedimentation rate associated. Removed
date is in red and crossed out.

(Ca) and at 30 kV and 1500 pA for zirconium (Zr) and rubidium
(Rb). In this paper, we will discuss relative variations using ele-
ment ratio to minimize the influence of sediment porosity and
water content. Zr/Rb is used to indicate grain size variations
(Dypvik and Harris, 2001) and particularly to identify the base of
turbidite sequences (Croudace et al., 2006). Ti/Ca is commonly
used to compare the siliciclastic fraction (Ti) and the biogenic
fraction (Ca) and has been used to show the relative contribution
of terrigenous input in deep ocean sediments (St-Onge et al.,
2007). In our data, Ti/Ca shows a clear contrast between turbidites
and hemipelagic material, with noticeably lower values of the Ti/
Ca ratio within the turbidite sequences (Figure 5). Titanium in
sediment is mainly associated with clay minerals (Wedepohl and
Correns, 1969). Calcium is slightly more concentrated in turbidite
sequences because of the presence of detrital calcite, and the Ti/
Ca XREF ratio indicates fine-grained turbidite sequences in this
study.

A high-resolution grain size study was performed using a Mal-
vern Supersizer ‘S’ (UMR EPOC). Sampling has been achieved
taking into account sedimentological structures: homogeneous
deposits were sampled every 50 mm, whereas heterogeneous
deposits were sampled at a higher resolution, ranging between 5
and 20 mm. Using this method, 1904 samples have been ana-
lyzed. The total grain size distribution versus depth is represented
in Figure 5. The color scale indicates relative abundance of
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several grain size fractions (in %, from blue to red; Figure 5).
Total grain size distribution shows coarser sedimentary deposits
and allows identifying turbidite sequences.

Turbidite is commonly described as fining-up deposit charac-
terized by an erosive base and typical sedimentary sequences in
the deposit (Bouma et al., 1962). Recognition of turbidite is based
on visual description, x-ray imagery, Ti/Ca and Zr/Rb (XRF
ratio), and high-resolution grain size study.

Petrographic observations and insights into microscospic-
scale sedimentary features were derived from visual observations
with a Leica™ DM6000 B digital microscope on thin sections of
remarkable sequences (Figure 6). Thin sections were obtained
after induration of sedimentary material with a resin according to
the methodology described by Zaragosi et al. (2006).

Pollen analysis was performed following the protocol estab-
lished at the UMR EPOC, University of Bordeaux (http://ephe-
paleoclimat.com/ephe/Pollen%20sample%?20preparation.htm).
Pollen identification was based on the reference collection at the
French Institute of Pondicherry. We analyzed the pollen assem-
blages in four turbidites. Quantification was realized at 400x
and 1000x (oil immersion) magnifications using Leica DFC295

microscope at the UMR EPOC. It is a qualitative approach, used
to distinguish the pollen grains preservation and nature in turbi-
dite deposits. Given the strong changes in pollen grains preser-
vation in the sediment, the shape of the grain is used to trace the
importance of transport processes affecting the sediments from
the source to the Bengal fan.

Results

Chronological framework

In total, five radiometric dates were obtained on the core MD12-
3418CQ and nine on the core MD12-3417 (Table 1; Figure 5).
The composite core made it possible to set up an accurate age
model. Ages range from modern to 9845 + 170 yr cal. BP. One
date was removed at 399 cm because of an age reversal (Table 1
and Figure 4, italic date) which can be explained by reworked
foraminifera causing an aging of the sample.

An abrupt change in the sedimentation rate takes place at 1089
cm (which corresponds to an age of 9.2 ka cal. BP; Figure 4).
Based on these observations, we can divide the composite core
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into two sedimentary units: unit 1 between 4113 and 1089 cm
(98629226 yr cal. BP) with a mean sedimentation rate of 5 cm/yr
and unit 2 between 1089 cm and the top (9226 yr cal. BP to mod-
ern) with a mean sedimentation rate of 0.12 cm/yr.

Sedimentological description

The grain size distribution, Ztr/Rb and Ti/Ca (XRF ratios), a*
color, and magnetic susceptibility records highlight the two sedi-
mentological units described above very well (Figure 5). The total
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Figure 7. Correlation between Indo-Asian monsoon, global sea level, turbidite frequency, and turbidite thickness during the last 10 ka cal. BP.

grain size distribution is unimodal all along the composite core,
and the sediment is relatively well sorted. Zr/Rb and Ti/Ca ratios
vary by 6 and 8 in order of magnitude, respectively (Figure 5). a*
color shows variations in color between —2.1 and 0.13, corre-
sponding to a variation color of sediment between dark gray to
olive (Figure 5). The magnetic susceptibility varies by approxi-
mately 10 orders of magnitude (Figure 5).

Unit I (from 4113 to 1089 cm). According to the age model, this
unit covers an age interval between 9862 yr cal. BP (+200 years)
and 9226 yr cal. BP (£140 years).

The total grain size distribution does not show any fining-up
trend in unit 1 but highlights the presence of numerous coarse
excursions of fine sand and fine silt above the background sedi-
mentation (Figure 5). All excursions are well marked in the Zr/Rb
XRF ratio, with an abrupt increase in the ratio at the base and a
slowly upward decrease in the deposit, corresponding to a
decrease in grain size. The Ti/Ca XRF ratio shows little variations
in this unit.

These deposits were considered as turbidite sequences based
on the recognition process described previously. We counted a
total of 152 similar turbidites in unit 1 and estimated their indi-
vidual thickness (Figure 7).

One excursion was studied in detail (between 3601 and 3621
cm; core depth in Figure 6a, location in Figure 5). The base of this

studied turbidite is clearly erosive with a sharp transition between
clayey hemipelagic sediment and medium silts in the turbidite.
The turbidite base is characterized by coarse sediment ranging
between very coarse silts and medium sand. The thin section
shows a succession of planar and cross laminations, typical of
turbidite deposits. Laminations are cut by fluid escapes as convo-
lute laminations or pillars, which are common in coarse turbidite
deposits (Lowe, 1975).

A focus in the thin section makes it possible to identify the
main components which are quartz and micas, associated with
some plagioclase (Figure 6a).

Pollen analysis carried out in three of these turbidites (including
the turbidite presented in Figure 6a) showed essentially very poorly
preserved pollen grains which could not be associated with a spe-
cific ecological group. The poor state of preservation clearly indi-
cates that pollen grains have been extensively reworked and reflect
an important transport of the detrital sediments before the deposit.

On the basis of our age model, the turbidite frequency was
estimated from the composite core over 100-year interval steps
(Figure 7). In unit 1 (from 9.8 to 9.2 ka cal. BP), the left levee of
the Active Channel is characterized by a very high turbidite fre-
quency, ranging from 13 to 44 turbidites per 100 years. Turbidite
thickness exhibited a significant variability, ranging from 1 to 68
cm, with almost 100 turbidites thinner than 10 cm and 50 turbi-
dites thicker than 10 cm (Figure 7).
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Unit 2 (from 1089 cm to the top). Unit 2 was dated between 9226
yr cal. BP (£140 years) and the modern. The total grain size dis-
tribution varies between fine silt and very coarse silt in unit 2
(Figure 5). The grain size and Zr/Rb XRF ratio do not show the
same excursions as in unit 1, and it is mainly because of the finer
grain size in this unit. However, strong changes are visible within
the Ti/Ca XRF ratio and are coeval with changes in the total grain
size distribution.

Focusing on one of these fine excursions (between 187 and 207
cm; core depth in Figure 6b), an erosive base marked by a transi-
tion from fine/medium silts to very coarse silts is observed. This
erosive base is visible when looking at the magnified thin section,
which also makes it possible to identify detrital particles as quartz,
micas, and detrital calcite. In this excursion, planar laminations are
also visible, with liquefactions and fluid escapements in the thin
section which strengthened the idea of a massive deposit of fine
terrigenous particles, considered as fine-grained turbidites. Biotur-
bations are also visible in the deposit (Figure 6b).

The detailed study of Ti/Ca XRF ratio and the total grain size
distribution enabled the identification of 54 such fine-grained tur-
bidites in unit 2.

Pollen analysis carried out in the turbidite sequence (Figure
6b) revealed the presence of major humid species from the coastal
area, attesting coastal forest, marshland, and mangrove swamps.
Pollen grains are well preserved and fresh, which attests limited
reworking during the transport of the sediment. The anomalous
high concentration of major humid species as Borassus suggests a
sediment transport from the alluvial and the coastal plain to the
Bengal fan.

At 9.2 ka cal. BP, there is a drastic change in turbidite fre-
quency, which drops to only 0-2 turbidites per 100 years (Figure
7). As in unit 1, the thickness of individual turbidites shows vari-
ability, ranging from 1 to 57.5 cm, with an equal distribution
between fine and thick turbidites (29 turbidites thinner than 10 cm
and 25 turbidites thicker than 10 cm; Figure 7).

Through unit 2, turbidite frequency shows variations with
three main phases of turbidite activity (Figure 7):

(a) From 9.2 to 5.5 ka cal. BP, turbidite activity is relatively
continuous with almost 1 turbidite each 100 years (phase
1; Figure 7).

(b) From 5.5 to 3.8 ka cal. BP, the hypothesis of a sedimentary
gap can be made (Figure 4), but there is no evidence of
erosional surface attesting a major turbidite event. Then,
we assumed that turbidite activity stopped abruptly, and
no turbidites were deposited during this period (phase 2;
Figure 7).

(c) From 3.8 ka cal. BP to modern, there was an increase in
the turbidite activity with 31 turbidites recorded during
this period, corresponding to 1 or 2 turbidites each 100
years (phase 3; Figure 7).

Sub-bottom seismic line

A sub-bottom seismic line was recovered during the MONOPOL
cruise of the R/V Marion Dufresne through the eastern levee and
the Active Channel (Figure 3b). The eastern levee is developed 83
m high and has a lateral extension of 30 km eastward. The top of
the eastern levee is 45 m above the channel floor, and the bottom
of the thalweg is characterized by chaotic facies (Figure 3,
sequence A). The levee is constructed by successive overflows of
gravity currents of the Active channel. Chaotic facies with strong
acoustic signatures is visible in sequence A, which is the typical
signature of HARP (“High Amplitude Reflection Packages”)
deposit (Flood et al., 1991; Pirmez and Flood, 1995). Sequence A
attests to the first phase of construction of the Active Channel-
levee complex. They were deposited after the breaching of the
levee by unchannelized turbidity currents (Figure 3, sequence A).

The sub-bottom seismic lines show two major units in the
levee of the Active Channel: the lower is characterized by con-
tinuous bedded facies with a medium acoustic signature (sequence
B), and it is covered by a continuous bedded facies with a stronger
acoustic signature (Figure 3, sequence C). Sequence B is crossed
by gas presence or fluid escapements (Figure 3).

Core MD12-3417 being located on the seismic line makes it
possible to link sedimentological units to acoustic units; unit 1
matches with the top of sequence B and sedimentary unit 2 with
sequence C (Figure 3).

Discussion
First phase of construction of the Active Channel

The eastern levee is mainly constructed between 14.5 ka cal. BP
(calibrated date from Weber et al., 1997) and 9.2 ka cal. BP (this
study): the extremely high sedimentation rate during this period
constructed a massive channel-levee complex (Figure 4), presum-
ably in link with the rapid sea-level rise associated with the Melt-
water pulse 1A (MWP-1A) in the North Atlantic (Weber et al.,
1997). Only the period between 9.8 and 9.2 ka cal. BP was recov-
ered by the core MD12-3417 and enabled to study the intense
turbidite activity during this short time interval.

The global sea level from 14.5 ka to 9.2 ka cal. BP is between
—95 and —20 m (Lambeck et al., 2014). The position of the —20-m
isobath (Figure 1) is consistent with the idea of a good connection
between the SONG and the Ganges-Brahmaputra outlets until 9.2
ka cal. BP (Figure 1, sea-level location). Indo-Asian monsoon
reconstructions during this period attest a relatively humid cli-
mate between 11 and 6 ka cal. BP according to the insolation
variation and monsoonal proxies (Berkelhammer et al., 2012; Cai
et al., 2012; Contreras-Rosales et al., 2014; Dykoski et al., 2005;
Sarkar et al., 2015; Zorzi et al., 2015; Figures 2 and 7).

During the 600-year interval from 9.8 to 9.2 ka cal. BP, turbi-
dite activity was intense, with 13—44 turbidites per 100 years,
which corresponds to an average of 3 turbidites per 10 years (Fig-
ure 7). These turbidites are terrigenous, mainly composed by
quartz, mica, and detrital calcite. These massive sediment sup-
plies could only be explained by a quasi-continuous feeding of the
deep system by rivers during this period. However, the dominance
of reworked and broken pollen grains attests to a strong rework-
ing of sediment previously deposited on the subaqueous delta or
within the SONG canyon, as opposed to direct fluvial input. Such
results suggests that Ganges-Brahmaputra sediments were tempo-
rarily stored in the floodplain, the coastal delta plain, or the sub-
aqueous delta (Rogers, 2012) and were reworked toward the
SoNG or reworked from within the SONG, which has been a
major depocenter throughout the post-glacial and ultimately
toward the Bengal fan, during periods of intense Indo-Asian mon-
soon precipitations and major river activity.

The combination between a good fluvial connection with the
SoNG and heavy monsoon precipitations induced an intense tur-
bidite activity and the development of levees of the Active
Channel.

Although tectonic activity is recorded during the Holocene in
the Ganges-Brahmaputra fluvial system and delta (Dortch et al.,
2011; Kumar et al., 2006; Mugnier et al., 2011, 2011; Singh et al.,
1997; Srivastava et al., 2009; Wang et al., 2014), no seismic
events can be directly associated with a turbidite deposit in the
Bengal fan: channelization of flows does not enable us to dis-
criminate the tectonic origin of the gravity flow.

Abrupt sedimentary shift during the construction of
the Active Channel
Our proxies indicate that the turbidite activity abruptly decreased at

9.2 ka cal. BP: what can explain this abrupt change in sedimentation
(Figure 5)? A variation is notable in grain size distribution, which
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impact variations in geochemical components, and we also distin-
guished a shift in the sediment color and magnetic susceptibility.

First, we could try to explain this shift by autocyclic forcings
associated with the massive storage of sediment on the levees dur-
ing the period of strong activity. Such intense activity caused the
rapid vertical rise of the levees, which may have reached a thresh-
old limit above which subsequent overflows of coarse material
would have made it more difficult to overflow and deposit. If cor-
rect, this scenario would result in the gradual upward decrease in
the grain size of the material that deposited on top of the levees.
However, such a fining upward of material cannot be observed
(Figure 5), and it was neither observed in previous studies (Morris
et al., 2014; Skene et al., 2002). Alternatively, an upstream avul-
sion of the Active Channel could explain the abrupt change in
sedimentary record, but there is no evidence of a more recent
Active Channel in the upper fan.

Weber et al. (1997) detailed the construction of internal levees
in the Active Channel older than 6 ka BP. Initiation of these inter-
nal levees attests to a decrease in flows or energy in the Active
Channel and probably a decrease in the grain size of deposits. It is
possible, therefore, that the initiation of internal levees in the
Active Channel was correlated with the abrupt change in sedi-
mentation that is observed in our record at 9.2 ka from the outer
levee.

Around 9.2 ka cal. BP, there is no clear evidence of an abrupt
climatic change in Indo-Asian monsoon proxies studied (Berkel-
hammer et al., 2012; Contreras-Rosales et al., 2014; Dykoski
et al., 2005; Sarkar et al., 2015; Zorzi et al., 2015) that could sug-
gest a direct impact of climate on turbidite activity and sediment
delivery (Figure 2). Yet, this period is characterized by a rapid
sea-level rise, described in Bangladesh and India (Banerjee, 1993;
Hait and Behling, 2008; Islam and Tooley, 1999; Umitsu, 1993).
Hait and Behling (2008) described a flooding of mangrove around
9.2 ka cal. BP in the coastal delta plain. However, it is difficult to
separate the regional eustatic components contributing to these
relative sea-level movements (Islam and Tooley, 1999).

With an abrupt sea-level rise at 9.2 ka, the accommodation
space on the inner continental shelf would have became sufficient
to develop the construction of the subaqueous delta and sediment
would have been preferentially stored on the continental shelf,
explaining the subsequent drastic reduction in the turbidite activ-
ity. Moreover, the subaerial delta is described as aggrading until 7
ka cal. BP which corresponds to the global sea-level stabilization
(Goodbred and Kuehl, 1999), after which the delta progrades and
initiates development of the subaqueous delta clinoform (Kuehl
et al., 1997). Between the initiation of the Active Channel (14.5
ka cal. BP) and the abrupt shift (9.2 ka cal. BP), the delta con-
structed on the continental shelf could have been retrograding
because of the transgressive phase (Grant et al., 2012), whereas
after 9.2 ka cal. BP, the subaqueous delta could have become pro-
grading because of the high sea-level position; such a change in
sea level causes, therefore, a partial disconnection between the
head of the SONG and river mouth.

In our scenario, during the early-Holocene humid period, sea-
level variations could explain the abrupt shift in sedimentation,
with a transition between a first period of rapid fan accretion
(before 9.2 ka cal. BP) with river discharges sufficient to keep pace
with rapid sea level and a second period (after 9.2 ka cal. BP) with
a sea level too high to be offset by Ganges-Brahmaputra discharges
and a subaqueous delta building at the same time, storing sediment
outlets and decreasing the sediment export to the Bengal fan.

Second period of turbidite activity

During the last 9.2 ka cal. BP, turbidite activity in the Active Chan-
nel was drastically reduced but still observed: the Ganges-Brah-
maputra turbidite system has continuous activity. Our composite

sedimentary record indicates an average frequency of 0-2 turbi-
dites per 100 years during this period. These turbidites have a finer
grain size distribution, but they are still terrigenous: quartz, mica,
and detrital calcite prevailed and they attest of the major Ganges-
Brahmaputra contribution.

Recent studies revealed that Ganges-Brahmaputra fluvial sys-
tems have evolved with the delta during the Holocene (Goodbred
et al., 2014; Pickering et al., 2014). Between 11 and 7 ka cal. BP,
the river mouths were directly feeding SONG (Goodbred et al.,
2014). Between 7 and 4 ka cal. BP, the Brahmaputra fluvial sys-
tem is deflected toward the Sylhet basin where sediments can be
stored because of the subsidence (Goodbred et al., 2014; Picker-
ing et al., 2014). Finally, after 4 ka cal. BP, the Brahmaputra flu-
vial system returns to the Jamuna channel but discharges east of
the SONG, and the Ganges fluvial system shifted eastward (Good-
bred et al., 2014; Pickering et al., 2014).

We propose that three phases took place during the last 9.2 ka
cal. BP (Figure 7):

Phase 1 (9.2-5.5 ka cal. BP; Figure 7). The turbidite activ-
ity was continuous with around three turbidites per 500 years.
Phase 1 is coeval with Holocene humid period with intensified
SW monsoon and a succession of warmer and wetter condi-
tions (Sarkar et al., 2015; Zorzi et al., 2015; Figure 7). Ganges-
Brahmaputra delta was aggrading and became prograding with
the stabilization of the global sea level around 7 ka BP (Good-
bred and Kuehl, 1999). Even if turbidite activity was consid-
erably reduced compared with the first phase, turbidites were
still feeding the Active Channel. The enhanced Indo-Asian
monsoon and the position of the Ganges and the Brahmaputra
rivers during this period make the continuous feeding of the
Active Channel possible. However, the regional sea-level rise
and the construction of the subaqueous delta considerably re-
duced supplies into the Bengal fan. The idea that earthquakes
and storms can induce a trigger of gravity flows into the deep
system is not excluded, but there is no way to clearly identify
the mechanism responsible for the turbidite deposits.

Phase 2 (5.5—4 ka cal. BP; Figure 7). The turbidite activ-
ity stopped during this period. This phase 2 appears to be
roughly coeval with a period of weakening of the monsoon
(Sarkar et al., 2015; Figure 8). The sea-level highstand was
established during this period, and the subaqueous delta was
prograding. Sea-level stabilization and weakening of the mon-
soon decreased sediment transfers, and sediments were more
efficiently stored in the delta, which resulted in the decreased
transfers toward the deep turbidite system. Moreover, between
7 and 4 ka cal. BP, the Brahmaputra river was routing toward
the Sylhet basin, potentially decreasing sedimentary budget in
the deep system (Figure 1; Goodbred et al., 2014).

Phase 3 (4 ka cal. BP to modern; Figure 7). Phase 3 is charac-
terized by a recent increase in the turbidite activity (around five
turbidites per 500 years). It is coeval with a relatively less hu-
mid period with oscillations between stronger and weaker Indo-
Asian monsoon events (Gupta et al., 2003; Figure 7). During
the last 4 ka cal. BP, the position of the Ganges-Brahmaputra
fluvial systems would provide more important sediment sup-
plies from rivers to deep turbidite system because of the vicin-
ity with the head of the SONG (Figure 1). The Brahmaputra
river migration could explain the increase in turbidite activity
during this period. Moreover, a study about adaptation and hu-
man migration underlines a shift of population toward the Gan-
ges alluvial plain, around 4 ka cal. BP during the aridification
period in India, coinciding with the appearance of rainy season
crops (Gupta, 2004; Gupta et al., 2006). Gupta et al. (2006)
suggested that during the last 2.5 ka cal. BP, intense agriculture
and population pressure in the Ganges alluvial plain has led to a
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massive deforestation in this area. This almost complete extinc-
tion of forests would generate an increase in erosion processes
and would increase Ganges discharges. This idea of a potential
impact of human activity on the Active Channel sedimentation
is supported by pollen analyses, which revealed that Borassus
trees dominate around 1.1 ka cal. BP, attesting sediments from
the alluvial and the coastal plain but maybe also crops expan-
sion related to human activity.

Global history of the Active Channel

Initiation. Weber et al. (1997) have dated the initiation of the con-
struction of the Active Channel around 14.5 ka cal. BP (12.800
years “C BP; Figure 8). The Active Channel is preceded by
unchannelized flows depositing HARPs (Figure 3, sequence A).
The avulsion process is responsible for the initiation of the Active
Channel. Avulsion processes are controlled by several autocyclic
forcings, such as asymmetry between levees, Coriolis effect, flow
stripping, and preexisting bathymetry, and/or allocyclic forcings,
such as eustasy or climatic variations. According to Curray et al.
(2003), channel avulsions in the Ganges-Brahmaputra turbidite
system mainly occurred in the area of highest sedimentation rates,
which is consistent with an avulsion in the upper or middle fan.
The Active Channel initiated around 14.5 ka cal. BP, synchro-
nously with the increase in the Indo-Asian monsoon (Dykoski
et al., 2005) and the rapid transgression phase associated with the
MWP-1A (Weber et al., 1997; Figure 8). Massive river discharges
at this period may have facilitated the breakup of an old levee and
the avulsion of an ancient Active Channel.

Major phase of construction. During the first phase of construc-
tion, the Active Channel grew very rapidly. The combination
between marine transgression and humid climate induced an
intense turbidite activity and the main phase of development of
levees of the Active Channel (Figures 3 and 8). According to
Weber et al. (1997), turbidite sedimentation in the Active Channel
was clearly linked to the global sea-level rise, but it seems that the
Indo-Asian monsoon also affected the early construction of the
Active Channel (Figure 8). Ganges-Brahmaputra discharges were
directly transferred through the SONG into the Bengal fan during
this period.

At 9.2 ka cal. BP, a local increase in sea level partially discon-
nected the head of the canyon and river mouths, and despite of the
massive river discharges that were likely associated with the
humid climate, construction of the Active Channel reduced
abruptly. The subaqueous delta begun its construction and stored
a large part of sediments discharged by rivers (Figure 8). Weber
etal. (1997) have dated the end of the major phase of construction
at 10.4 ka cal. BP. Their dating framework did not make it possi-
ble to get a more precise estimate than ~10.4 ka cal. BP for the
shift. Our study makes it possible to determine the age of the
abrupt change in sedimentation more precisely at 9.2 ka cal. BP.

The Bengal fan dynamics seem similar to that of the Indus
deep sea fan (Bourget et al., 2013; Prins et al., 2000; Prins and
Postma, 2000). Turbidite sedimentation appears to be controlled
by sea-level variations and monsoon variations, with sea-level
rise causing a major decrease in sedimentation rates and turbi-
dite frequency in both systems (Prins and Postma, 2000). Mas-
sive discharge of these two river systems are buffered by a wide



12

The Holocene

shelf, storing sediments and explaining that abrupt changes in
sedimentation may be associated with sea-level variations in
both the Bengal and the Indus fans (Clift et al., 2014; Prins and
Postma, 2000).

Second period of turbidite activity. During the last 9.2 ka cal.
BP, the sea-level was relatively stable (Grant et al., 2012): sedi-
mentation rate declined drastically, but turbidite activity was
still present with three distinct phases of activity. These three
phases co-evolved with many forcings as well as Indo-Asian
monsoon variations (Figures 7 and 8), Ganges-Brahmaputra
rivers migrations, the delta construction, and the anthropogenic
activity.

Conclusion

Through the recognition of turbidite deposits, the reconstruction
of sedimentation rate, turbidite frequency, and turbidite thickness,
the detailed sedimentological record obtained on the levee of the
Active Channel during MONOPOL cruise of the R/V Marion
Dufresne provides a new insight about the establishment of the
Active Channel in the Bengal fan in the light of different autocy-
clic and allocyclic forcings during the Holocene. The following
conclusions are reached:

1. The Active Channel has been initiated around 14.5 ka cal.
BP (Weber et al., 1997). The position of the sea level and
the strengthening of the Indo-Asian monsoon until 9.2 ka
cal. BP enabled a strong connection between rivers and the
Bengal fan and explained the high sedimentation rates and
the rapid construction of well-developed levees.

2. At 9.2 ka cal. BP, the sea level reached a position from
which massive sediment discharges were not large enough
to compensate for the rise of sea level. The sedimentation
rate declined abruptly in the Active Channel, and sedi-
ments were mainly stored in the subaqueous delta.

3. During the last 9.2 ka cal. BP, turbidite activity is still
recorded but irregular. Weakening of the Indo-Asian mon-
soon, stabilization of the sea level, and intrinsic forcings
as initiation of the delta and rivers routing impacted the
turbidite activity. The anthropogenic impact can also be a
hypothesis of forcing on the turbidite activity during the
last 2.5 ka cal. BP.

4. Finally, it is really important not to oversimplify the con-
struction of the Bengal fan with the Indo-Asian monsoon
as unique and major forcing. The complexity and the com-
bination of different forcings affecting transfers between
Ganges-Brahmaputra fluvial system and the Bengal fan
explained the activity of the deep turbidite system, espe-
cially the sea-level fluctuations.
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